Introduction
TiO 2 nanotubes have excited tremendous interest due to its various functional properties. Irradiating TiO 2 nanotubes with light generates highly reducing electrons and highly oxidizing holes that can decompose molecular species they come into contact with. This process is known as photocatalysis and it can be used to decompose and remove pollutants such as organic solvents [1] , agricultural chemicals [2, 3] , toxic substances [4] , and offensive odors in air [5] . In addition, the excellent optical and electrical properties of TiO 2 nanotubes make them suitable for water splitting [6] and dyesensitized solar cells. Their biocompatibility allows them to be used in various biomedical applications [7] . Several processing methods have been used to prepare TiO 2 nanotubes, including hydrothermal synthesis [8, 9] , anodic aluminium oxide template synthesis [10] , and electrochemical anodization [1113] .
Of these methods, electrochemical deposition of titanium has attracted the greatest interest since it can produce self-organized structures at ambient temperature. Moreover, TiO 2 nanotube arrays have highly uniform morphologies, oriented growth, and large surface areas with controllable pore sizes, making them a promising functional material for various applications. Table 1 gives an overview of the optimal dimensions of nanotubes and their efficiencies in various applications. This table shows that the dimensions and the crystal structure of TiO 2 nanotubes affect their photoelectrolysis efficiency, photodegradation gas sensing performance, and self-cleaning ability as well as their proliferation rate. Most studies have focused on the effect of nanotube dimensions on specific applications. No direct comparative experiments using TiO 2 nanotubes with specific dimensions for various applications have been performed. Therefore, the present study investigates and discusses the use of TiO 2 nanotubes with an average diameter of 85 nm, an average length of 1.1 µm, and an average wall thickness of 20 nm in various applications. TiO 2 nanotubes were produced in glycerol containing ethylene glycol and ammonium fluoride. To investigate the fabrication parameters of TiO 2 nanotubes, we examined the effect of varying the applied voltage, fluoride content, anodization time, and cathode materials. TiO 2 nanotubes with specific dimensions (average diameter: 85 nm, average length: 1.1 µm, average wall thickness: 20 nm) were used for analysis in investigations of photocatalysis, antibacterial properties, cell interaction, and photoelectrochemical cell. 
Materials and Methods

Anodization of titanium foil
Titanium foil (thickness: 0.13 mm; purity: 99.6%; Strem Chemicals) was cut into 40 mm × 10 mm pieces, which were ultrasonically cleaned in acetone and subsequently rinsed in deionized water. The sample was then anodized in glycerol (85%, Merck) containing 6 wt% ethylene glycol (Merck) and 5 wt% ammonium fluoride (Merck); the glycerol used in this study contained 15% water. Experiments were performed at five different voltages (20, 30, 40, 50 , and 60 V) for 60 min. The optimal voltage for growing TiO 2 nanotubes was then used to study the effect of the anodization time (1, 15, 20, 30, 60, 180 , and 360 min) on the formation of TiO 2 nanotubes. The samples were rinsed with deionized water and dried in air. Anodized Ti was annealed at 400 to 700 °C for 2 h in argon to obtain the crystalline phase. Another set of experiments was performed to investigate the effect of the cathode material on the formation of TiO 2 nanotubes. Different materials such as aluminium, stainless steel, iron, and carbon were used for the cathode and the results were compared. A field-emission scanning electron microscope (FESEM; Zeiss, Supra 35VP) operating at a working distance of 4 mm with an accelerating voltage of 5 kV was used to investigate the morphologies of the TiO 2 nanotubes. Crosssectional measurements were performed on mechanically bent samples to determine the length of the nanotubes. The nanotube length was estimated by dividing the length by cos 45°. The elemental composition was determined by energy-dispersive X-ray spectroscopy and the chemical states were characterized by X-ray photoelectron spectroscopy (XPS; JEOL, JPS-1000SX) with an Mg Kα X-ray source. The crystal structure was identified using an X-ray diffractometer (Bruker AXS D8), which was operated at 40 kV and 40 mV. Fluorescence spectra were recorded at room temperature using a luminescence spectrometer (LS 55, Jobin-Yvon HR). Chemical states were characterized by X-ray photoelectron spectroscopy (XPS; JEOL, JPS-1000SX) with a Mg Kα X-ray source.
Photocatalytic activity
Photocatalytic experiments were performed by using the prepared TiO 2 nanotubes to degrade methyl orange (MO) using a custom-made photocatalytic system that contains quartz tubes and 18 W TUV UV-C germicidal lamp. The samples were mounted 5 cm from the light source. In a typical photocatalytic experiment, degradation was performed by dipping a 4 cm × 1 cm anodized Ti foil in 200 ml of a 30-ppm MO solution. The MO solution was removed each hour to monitor the degradation after irradiation. The concentration of the degraded MO solution was determined by UVvisible spectroscopy.
Bactericidal effect
The antibacterial effect of self-organized TiO 2 nanotubes was examined by the pour plate culture method. Bacteria were harvested from an aquarium tank that contained eight goldfish that had been left for 6 days. Bacteria solution (200 ml) from the aquarium tank was poured into a quartz tube containing 8 cm 2 Ti foil covered with TiO 2 nanotubes. Another suspension was prepared without TiO 2 and it was used as a control. Both the TiO 2 bacteria slurry and the control sample were illuminated with 18 W UV-C germicidal lamp for 60 min. At 10-min intervals, 10 ml of the slurry was taken and mixed with 90 ml peptone. From this suspension, 1 ml was taken and mixed with plate count agar and incubated at 37 °C for 2 days. A similar procedure was used for the control sample. Finally, the viable count of the remaining bacteria was performed on the incubated agar plates.
Cellular activity
Prior to investigating the cell interaction, an as-anodized sample and an annealed sample were coated with apatite. Simulated body fluid (SBF) with a similar ionic concentration to that of human blood plasma was prepared according to the procedure described in Ref. [25] . The TiO 2 sample was then cut into 1 cm × 1 cm pieces, which were immersed in 9 ml SBF in glass bottles. The bottles were closed tightly and kept at 37 °C in a water bath. After 14 days, the samples were removed from the solution, washed with distilled water, and dried at room temperature for 24 h. The surfaces of the TiO 2 samples after soaking in SBF were analyzed by scanning electron microscopy (SEM). For the cell culture investigation, apatite-coated TiO 2 samples and control samples (glass slides) were cut into 0.5 cm × 0.5 cm pieces. The samples were sterilized at 120 °C for 20 min prior to being placed in a cell culture. The PA6 cell line (stromal bone marrow cells) were seeded at a concentration of 1 × 10 5 cm 2 in a 400 ml cultured medium that was directly above the sample in 10 well plates. The prepared samples were then incubated for 3 d in 5% CO 2 + 95% air at 37 °C. After the selected incubation period, the samples were washed with 0.1 M phosphate buffer solution (PBS) and distilled water and fixed with 2.5% glutaraldehyde in 0.1 M PBS. After fixing, they were rinsed three times in 0.1 M PBS for 10 min. The samples were then dehydrated in grade series of ethanol (50, 75, 90, and 90.5%) for 10 min and subsequently dried. The dehydrated samples were coated with gold for SEM observation.
Photoelectrochemical properties
The photoelectrochemical properties of the samples were characterized using a three-electrode photoelectrochemical cell with TiO 2 nanotube arrays as the working photoelectrode, a platinum rod as the counter electrode, and a saturated calomel electrode as the reference electrode. KOH solution (1 M) consisting of 1 wt% EG was used as the electrolyte in this experiment. photoelectrochemical cell measurements were performed using a potentiostat (Zolic, LHX150) and a 150 W xenon lamp (450 nm) as the light source. The open-circuit potential V oc was measured for 1 min when the lamp was on. A linear sweep potential was swept from the open-circuit potential to 1.0 V at a scan rate of 5 mV/s. The photocurrent was measured as the voltage was swept. A similar procedure was performed for dark conditions but the xenon lamp was switched off.
Results and Discussion
Anodization of TiO 2 nanotubes at different voltages
Electrochemical anodization was performed in glycerol containing 6 wt% EG and 5 wt% NH 4 F. This composition was selected based on preliminary studies that revealed it favoured the formation of wellaligned TiO 2 nanotube arrays. The anodization voltage was varied from 20, 30, 40, 50, and 60 V. Figures 1 clearly shows that the applied voltage affects the surface morphology and the nanotube arrangement on the titanium foil. Self-organized nanotubes with regular patterns were obtained at low voltages (< 30 V), whereas the self-organized nanotubes become irregular at a 50 V and their structures were damaged at 60 V. Therefore, 50 V was taken to be the highest potential for stable anodization for the electrolyte used. The outer diameter and length of the nanotubes increased gradually with increasing anodizing voltage (see Table 2 ). 
Anodization of TiO 2 nanotubes at different reaction times
To gain insight into the formation of TiO 2 in glycerol containing 6 wt% ethylene glycol (EG) and 5 wt% NH 4 F, TiO 2 nanotube growth was monitored by taking FESEM images at various time intervals. Figure 2 shows the variations in the surface morphologies of TiO 2 nanotubes during anodization and Table 3 lists the diameters and lengths of TiO 2 nanotubes obtained with different anodization times. In the early stages of anodization (Figure 2a ), a compact oxide layer was observed with a few randomly distributed small pits. Pore formation was initiated after 15 min of anodization (Figure 2b ). For the sample anodized for 20 min, nanotube formation was observed but the structure was less uniform. A porous oxide structure can be seen under the oxide layer (Figure 2c) with an average length of 645 nm were obtained (Figure 2d ). This stage had a growth rate of 21 nm/min and a regular nanotubular morphology was obtained. After 60 min, the morphology had become stable and the nanotubes gradually grew to an average length of 1.1 μm and an average diameter of 85 nm (Figure 1b) . At 180 min, the nanotubes has an average length of 1.77 μm ( Figure  2e) . However, at 360 min, the arrangement of the self-organized nanotubes became irregular and unstable (Figure 2f ) so that the nanotubes tended to break and collapse on each other. The instability of the nanotubes walls after 360 min of anodization is perhaps due to the tremendously high dissolution rate at the base of the nanotubes and the relatively low dissolution rate at the pore tips. This makes the base of the nanotube walls relatively thin so that they can no longer support the long tubes and thus collapse. Figure 3 shows the current densitytime profile obtained during anodization of Ti in glycerol for 60 min. The current density initially increased sharply in a short time, mainly due to the increasing voltage. In this stage, field-assisted oxidation of Ti formed a thin TiO 2 film since TiO 2 is more stable than Ti under anodic conditions. The current density then decreased, indicating that in this stage the electrochemical formation rate of TiO 2 exceeded the chemical dissolution of Ti and TiO 2 , thereby making the TiO 2 layer thicker. The current density then started to increase up to a certain point, which is ascribed to random drilling of pits and pores in TiO 2 by fluoride ions. The current density gradually decayed again and became constant, corresponding to steady-state growth of nanotubes. Figure 4 shows FESEM images of Ti foils anodized using the above-mentioned electrolyte and different cathode materials. Table 4 lists the dimensions of the nanotubes. Nanotubes produced using a stainless-steel cathode had a much lower aspect ratio than nanotubes produced using carbon, iron, and aluminum cathodes. A stainless-steel cathode (Figure 4a ) produced short TiO 2 nanotube arrays with an average length of 700 nm and nonuniform walls thickness. The diameter of the TiO 2 nanotubes seems to vary nonuniformly at the top and bottom of the TiO 2 nanotube arrays, which results in conical TiO 2 nanotubes. The walls are very thin, being approximately 510 nm thick. At this thickness, the walls cannot support themselves and thus collapse in unstable regions. The aspect ratio obtained using an aluminum cathode is identical to that obtained using a carbon cathode. However, the top surface of the TiO 2 nanotube array obtained using the aluminium cathode is similar to that obtained using a stainless-steel cathode. The walls at the base of these TiO 2 nanotube arrays seem to be stable but the top tends to collapse. Although the aspect ratio obtained using an aluminum cathode is identical to that obtained using a carbon cathode, the TiO 2 nanotubes formed using an aluminum cathode are much less stable than those obtained using a carbon cathode. When an iron cathode (Figure 4d ) is used, well-organized TiO 2 nanotube arrays are formed with high aspect ratios. However, they are less stable than those produced using a carbon cathode. The mass loss rate of iron during anodization is 46 µg/cm 2 /h, whereas that of carbon is 1.5 µg/cm 2 /h. Using a carbon cathode produces nanotubes with higher aspect ratios, larger tube diameters (100 nm), and longer tubes (2.0 µm) than nanotubes produced using other cathode materials. Therefore, carbon is the most promising cathode material of all the materials considered in this study. Furthermore, a carbon cathode produces nanotubes that are just as good as those produced using a platinum cathode and that have similar aspect ratios. However, carbon is considerably cheaper than platinum. 
It characteristics
Effect of cathode material
Effect of annealing
To investigate the effects of heat treatment on the crystal structure, TiO 2 nanotubes with an average diameter of 85 nm and an average length of 1.1 µm were annealed at 400, 500, 600, and 700 °C for 2 h in argon and their crystalline structures were examined. Figure 5 shows X-ray diffraction of TiO 2 nanotubes annealed at different temperatures. The transformation of the amorphous (Figure 5a ) structure into the crystalline phase was observed when the sample was annealed.
Figures 5b and c respectively show that samples annealed at 400 and 500 °C are predominantly anatase. In contrast, the sample annealed at 600 °C consists of anatase together with a significant amount of rutile; the weight fractions of anatase and rutile were 40 and 60%, respectively. The weight fraction of anatase to rutile was determined according to the method described in Ref. [26] . When the annealing temperature is increased to 700 °C, a higher intensity rutile peak is obtained, indicating highly crystalline rutile. The weight fractions of anatase and rutile are 9 and 91%, respectively. Figure 6 shows representative SEM micrographs of TiO 2 annealed at different temperatures. Low annealing temperature (< 500 °C; Figures 6a and b) did not alter the structure of the nanotubes. However, after annealing at 600 °C, the nanotubes started to disintegrate at the bottom (Figure 6c ). This disintegration became more pronounced at 700 °C (Figure 6d ) and the tube structure started to collapse to form a porous structure. The change in morphology with annealing temperature may be associated with excessive Ti ion diffusion along the nanotube walls, which induces oxidation and thus thickens the oxide walls. Figure 7 shows XPS spectra of Ti 2p, C 1s, O 1s, and F 1s. In addition to the two characteristic Ti 4+ peaks of Ti 2p 1/2 at 465.1 eV and Ti 2p 3/2 at 459.2 eV, there was another peak at 450.8 eV (Figure 7a ). This peak has be assigned to Ti [27, 11] , which may originate from the substrate through fractures in the oxide layer. Two peaks were observed at 285.6 and 289.1 eV (Figure 7b ). The strong component at 285.6 eV can be attributed to adventitious elemental carbon that cannot be eliminated. Ohno et al. [28] observed a single carbonate species with a binding energy of 288.2 eV that can be assigned to C 4+ ions incorporated in the bulk phase of TiO 2 . Xiao and Ouyang [29] also observed only one carbonate species with a binding energy of 288.0 eV. Ren et al. [30] observed one kind of carbonate species with a binding energy of 288.6 eV and revealed that carbon may substitute for some of the lattice Ti atoms and form a TiOC structure. These results indicate that the C 1s XPS peak (289.1 eV) observed in the present study could be assigned to the TiOC structure in carbon-doped TiO 2 nanotubes by substituting some of the lattice Ti atoms by carbon. The O 1s spectrum (Figure 7c ) showed a sharp peak at 530.6 eV, which is associated with TiO 2 . The binding energy component at 531.9 eV can be unambiguously assigned to carbon bonded to oxygen. On the other hand, a very well-defined reflection was observed at 685.1 eV (Figure 7d ). This peak can be related to the presence of a TiF 6 2 complex, which forms during anodization of Ti in fluoride-containing electrolytes [31] . Figure 8 shows photoluminescence (PL) spectra of TiO 2 nanotubes excited at 350 nm. The emission spectrum (Figure 8a ) contains two peaks at 396.3 nm (3.1 eV) and 521.3 nm (2.3 eV). These PL peaks may be closely related to the luminescence caused by the recombination of photoinduced electrons and holes, which possibly resulted from lattice distortions and surface oxygen deficiencies. The emission band centered at about 396.3 nm is assigned to the emission of a bandgap transition with a photon energy approximately equal to the bandgap energy of anatase (387.5 nm) [32, 33] . The PL signal at 521.3 nm is due to excitonic PL, which is mainly produced by oxygen vacancies [27, 32, 34] . Oxygen vacancies are considered to be the main defect that causes green PL in TiO 2 nanotubes. Figure 9 shows the photodegradation of an aqueous MO solution in the presence of TiO 2 nanotubes (average diameter: 85 nm; average length: 1.1 µm) with different crystallinities. The results show that MO degrades on UV irradiation in the presence of TiO 2 nanotubes. TiO 2 nanotubes annealed at 500 °C (pure anatase phase) achieved the highest MO degradation rate with an apparent kinetic rate constant of 10 × 10 3 min 1 (not shown). This may be ascribed not only to their large surface area but also to the crystalline anatase phase formed at this temperature. When the annealing temperature was increased to 600 °C, the photocatalytic activity decreased and had a much lower kinetic rate constant of 2.26 × 10
Chemical composition
Photoluminescence analysis
Photocatalytic activity
3
min
1 . This reduced photocatalytic activity can be explained by the loss of the anatase phase together with disintegration of the bases of the nanotubes, thus reducing the surface area exposed to the reactant. Annealing at 700 °C drastically reduced the photocatalytic activity giving a kinetic rate constant of 2.05 × 10 3 min 1 . This can be explained by the very poor photocatalytic properties of the rutile phase [27] and the severe disintegration of the nanotubes. 
Antibacterial effect
To determine the bactericidal activity of TiO 2 nanotubes, the numbers of surviving bacteria in incubated agar plates with and without TiO 2 nanotubes were measured. Figure 10 shows a survival curve of bacteria. It does not follow a simple single exponential decay as a function of illumination time. Rather, the curve for agar plates containing TiO 2 nanotubes seems to consist of two steps: a step with a relatively high photokilling rate and a later step that has a lower photokilling rate. Only 18% of the cells were killed in the agar without TiO 2 nanotubes after irradiation for 20 min; they were not completely killed even after 60 min. However, in the agar containing TiO 2 nanotubes, bacteria survival dropped significantly after 20 min and almost all the bacteria (92%) were killed after 60 min. This result demonstrates that the agar with TiO 2 nanotubes has a significantly higher killing activity than the agar without TiO 2 nanotubes. The decay in the bacteria survival during the photokilling step was clearly demonstrated by a bacterial viability assay. Figure 11 shows the appearances of representative agar plates with bacteria for various UV illumination times in the presence of TiO 2 nanotubes. A great reduction in the number of viable bacteria was observed for the illuminated TiO 2 nanotubes (group A), demonstrating the photokilling activity of TiO 2 nanotubes. UV illumination had less effect on the viability of bacteria (group B) that were not in the presence of TiO 2 nanotubes and some bacteria survived after 60 min of illumination. 
Cell interaction
The cell interaction of TiO 2 nanotubes with an average diameter of 85 nm and an average length of 1.1 µm was studied using PA6 cells. Figure 12 shows top-view FESEM images of TiO 2 nanotubes after soaking in SBF for 14 days. Nodule-like structures are randomly distributed on the as-anodized sample. In contrast, the sample annealed at 500 °C has a different apatite morphology in which a thick, dense layer of flaky structures is randomly distributed on the TiO 2 surface. The as-anodized and annealed samples that had been soaked in SBF for 14 days contained 1.67 and 13.3 wt% of apatite, respectively. This finding indicates that the anatase phase enhances the deposition and growth of apatite. The response of bone marrow cells (PA6) on an apatite-coated TiO 2 nanotube surface was investigated. Figure 13a shows an FESEM image of PA6 on as-anodized TiO 2 nanotubes with a nodule apatite coating. The figure shows that the PA6 cells are rounded and do not exhibit many cellular extensions or filopodia. Cells cultured on TiO 2 nanotubes annealed at 500 °C with dense apatite showed greater PA6 cell adhesion. Almost the entire surface was covered with PA6. It is speculated that the thickness of the apatite layer strongly affects cell propagation. 
Photoelectrochemical activity
The photochemical measurements involved monitoring current-voltage (IV) characteristics under dark and light conditions. Figures 14 and 15 show the IV characteristics of long and short TiO 2 nanotubes under dark and light conditions, respectively. The electrolyte was 1 M KOH with 1 wt% EG. The photocurrent density was almost zero under the dark condition for both sets of nanotubes. Under visible light (450500 nm, 25 mW/cm 2 ) illumination, maximum photocurrent densities of 0.55 mA/cm 2 and 0.36 mA/cm 2 were obtained for long and short nanotubes, respectively. These results demonstrate that TiO 2 nanotube arrays have good photoresponses. The longer TiO 2 nanotubes had a higher photoresponse than the shorter nanotubes because they can absorb more energy from the UV illumination and can collect more electrons. Therefore, long nanotubes have superior charge transport properties than short nanotubes. 
Conclusion
This study demonstrates the effect of voltage, anodization time, cathode material, and annealing temperature on the formation of TiO 2 nanotubes. TiO 2 nanotubes with an average diameter of 85 nm and an average length of 1.1 µm were obtained in 1 h using glycerol containing 5 wt% NH 4 F at 30 V.
Annealing the nanotubes at 400 and 500°C for 2 h in an argon atmosphere produced the anatase phase, annealing at 600°C produced both anatase and rutile, and annealing at 700°C produced a completely rutile phase. The anatase TiO 2 nanotubes generally exhibited the highest UV photocatalytic activity for degrading an aqueous solution of MO. The bacterial survival rate decreased after 60 min UV illumination with TiO 2 nanotubes. The decay of bacteria survival after various UV illumination times in the presence of TiO 2 nanotubes was 25% higher than when UV illumination was used alone without TiO 2 nanotubes. The coverage and morphology of the apatite layers depended on the soaking time and crystal phase of the TiO 2 nanotubes. Annealing of the amorphous nanotube layers to anatase enhances apatite formation and attachment of PA6 cells. TiO 2 nanotubes were found to have efficient photoresponses. A maximum photocurrent density of 0.55 mA/cm 2 was achieved under visible light illumination.
